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The fact that living organisms exhibit certain electrical phe-
nomena has long been known, but understanding of their signifi-
cance and meaning is limited. The attempt to explain the several
aspects of biological activity which can be recorded by electrical
devices has, in general, rested on the assumption that the underlying
phenomena are chemical and that the electrical records represent
by-products of biological activity. It is not surprising, therefore,
that many studies have been made of ionic transport, electrolyte
balance, and similar chemical processes in the hope that they would
yield significant and conclusive evidence not only as to the source
of the potential differences but also as to their meaning and signifi-
cance. The results have not been very satisfactory, for it is not
yet clear what chemical entities or processes either give rise to or
modify potential differences.
It is well known that in all biological systems a multiplicity of
phase iboundaries exist. Furthermore, the existence of potential
differences at these phase boundaries is generally accepted. It is
commonly held also that the membrane potential at a phase boundary
is the consequence of a difference in concentrations of electrolytes
on opposite sides of the boundary. In the non-living system this
potential approaches zero as ionic equilibrium is reached. It has
been more or less logically conduded, therefore, that the existence
ofandvariation in potential difference can beexplainedbythe known
initial difference in concentrations and by ionic movement across
phase boundaries. The living system differs somewhat from the
physico-chemical situation in that the potential differences, instead
of approaching zero with time, are maintained at an astonishingly
stable level. The maintenance of this level of potential difference
presupposes constant recruitment and it is natural to assume that this
recruitment comes in large measure from chemical activity.
But it is not at all impossible that one of the mechanisms regulat-
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ing and controlling chemical activity is resident in the energy sources
represented by the potential difference. In other words, if this
problem is looked at from a slightly different angle, it is legitimate
to make the assumption that, in the living system, the total energy
intake appears in part in the chemical flux of metabolism and in part
in stored energy in potential differences. If this assumption is true,
it follows then, that by studying potential differences during rest
and during activity a record can be made of the general level of
immediately available energy, as represented by summated boundary
potentials. In the face of the demand for activity, this reservoir
of potential electrical energy can be tapped. When the biological
system is at rest, the potentials could be recorded as DC potentials.
When protoplasm is thrown into any kind of activity-such as
neural transmission, muscle contraction, gland secretion, and similar
events-the first sign of that activity would lie in a sudden with-
drawal from the reservoir of electrical energy; in other words, a
drop in potential difference. Then, mobilization of chemical proc-
esses might be expected, to re-establish the original level of the
potential difference. If this assumption is true, the use of elec-
trical measuring devices could establish empirical correlations with
neural transmission, heart waves, muscle contractions, and similar
events. Moreover, the reasons for these correlations could be sub-
sumed under this one general assumption. Through studies of
both AC and DC phenomena in the living system, it should be
possible, therefore, to obtain straightforward records of fundamental
biological activity.
Needless to say, the changing levels of the electrical reservoir
are not easily recorded. Both AC andDC instruments are available,
but the geometry of the electrode placement, i.e., the point from
which records are made, becomes very complex. So far as is known,
there are few guides to this geometry and, as a result, most of the
measurements must be made on a trial and error basis.
In the complex animal organization this is exceedingly difficult,
though much progress has been made. In plants, which presum-
ably are much simpler, the problem can be attacked more readily.
To that end, a series of studies have been made on the electrical
correlates of the stimulus response in Mimosa. Although the
organization is simpler here than in animals, the response of Mimosa
to stimulation shows many similarities to the situation found in
animals.
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The plants used were raised from seed in the greenhouse of the
Marsh Botanical Gardens attached to the Osborn Botanical Labora-
tory.* The plants were transported to the laboratory the first thing
in the morning and the records were taken during the early part of
the day. The technic utilized is the modern standard one of con-
tinuous DC recording. While there have been other studies of a
similar nature to those here recorded, a number of technical advances
have made it possible to record with greater certainty electrical
changes in the living plant. A DC microvoltmeter, stable and sen-
sitive in operation, and operating into a G.E. photoelectric recorder,
was employed. Instead of the usual wire electrodes, contact was
made with the plant through silver-silver chloride electrodes.
These consisted of a spirally wound pure silver wire, chlorided in
a 1/10 molar solution of HCI for 15 minutes, at 40 milliamperes,
introduced into an ordinary medicine dropper, one end of the wire
protruding from the rubber bulb. The mouth of the pipette was
filled with a small tuft of camel's hair and the whole system filled
with physiological salt solution. By means of holders, these elec-
trodes could be so placed that the slender tips of the camel's hair
came in contact with the surface wall at various parts of the plant.
By using two complete sets of instruments, it was possible to obtain
simultaneous records from at least two pairs of points. In some
instances the hot or grid electrode was placed peripherally and the
cold or ground electrode a known number of millimeters centrally,
along the long axis. In other experiments, the hot electrode was
placed at the periphery and the cold electrode was placed in contact
with the root system. Reversal of the arrangement was employed
from time to time as a check on the validity of the measurement
of the standing potential. The majority of the measurements were
made in the late fall and early winter, from seed-grown plants
started in the early summer. It is probable that many of the plants
were past the peak of their active response to external stimuli.
However, the results were consistent and reproducible and are,
therefore, in all probability, valid records under the conditions of
the experiment.
The most striking thing about the results is the very great simi-
larity between the electrical response of the stimulus reaction in
* The aid of the staff of the greenhouse and the generous advice of Professor
E. W. Sinnott are gratefully acknowledged.
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Mimosa to the electrical records of the propagated electrical response
of the action current in vertebrate neurones. The magnitude of
the response is, of course, very much greater and the time scale is
in seconds rather than in milliseconds.
In Figure 1-A is a typical response. It will be noted that
several seconds after a stimulus, a wave of increasing negativity
appears under the hot electrode. This rises to a peak of 50 to 70
millivolts, and then subsides to the baseline and often, though not
always, crosses it.
The wave of this A B peak is very simi-
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FIG. 1. A. The wave form of a typical electrical correlate of a This is followed by
stimulus. B. The simultaneous record from two pairs of electrodes. an upward swing
C. A variant of the typical response showing a diphasic Of the potential
difference which
establishes a new level of negativity lasting for from many minutes
to several hours. The whole wave form of this stimulus response
is strikingly like the wave form of a single axone response in the
vertebrate nervous system. The polarities differ but that, in all
probability, is a function of the geometry of the electrode placement.
In Mimosa, as in the nervous system, there is a spike followed by
a negative (positive) and then by a positive (negative) after-
potential.
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There are, however, a number of conditions which apparently
must be met before this reaction occurs. In the first place, a
variety of stimuli were used-burns, cutting, crushing, and a shock
from a 90-volt B battery applied either through silver wires or
tnrough silver-silver chloride electrodes. As far as can be deter-
mined, the nature of the stimulus is unimportant. This, however,
needs further examination. There seems to be one prime requisite
of the response to a stimulus; a standing potential difference of
some 2 to 15 millivolts with the periphery positive to the proximal
parts of the plant. If this condition is not met, no observable
response occurs on stimulation and no electrical record is obtained.
Invariably, after a stimulus response has been obtained, peripheral
areas are negative to proximal areas. So long as the periphery
remains negative to the proximal area the plant is non-responsive
and will not again respond until the periphery has again reached
a positivity of from 2 to 15 millivolts. This whole phenomenon
corresponds very closely to the absolute refractory period of the
positive after-potential of the nervous system. In animals, it is
known that the negative after-potential following the spike repre-
sents a period of supernormal response. So far, it has not been
possible to reproduce this phenomenon in Mimosa.
When two complete records are made simultaneously, it is pos-
sible to determine the rate of movement of the wave of negativity
which follows the initial stimulus. In Figure 1-B are shown simul-
taneous records of 2 such pairs of electrodes placed as indicated in
the diagram. It will be noted that time elapses from the instant
of stimulation until the negative wave hits the first hot electrode, H.
The spike potential then occurs. But only when it returns to and
crosses the base line, becoming positive, does the second hot electrode
show the beginning of its negative shift. A number of records of
this type show the normal rate to be between 2 and 4 millimeters
per second. Attempts were made to relate this to the anatomy of
Mimosa, as it is well known in animals that the rate of conductivity
of a nervous impulse is a function of the diameter of the axone.
In Mimosa there are continuous fluid-containing channels which
conceivalbly might be likened to a nerve process. However, these
channels are buried beneath the surface, since they are covered by
many layers of cells. The electrodes are, of course, in contact with
the latter, not with the conducting channels. However, the whole
827YALE JOURNAL OF BIOLOGY AND MEDICINE
system is o(bviously conductive of electricity and it may be that the
records obtained are derived from the longitudinal channels.
In the rachis of Mimosa, the longitudinal channels vary in
size, have thick walls, and are arranged in four quadrants. They
are centrally situated and covered by several layers of cells. In
the petiole, the channels are more deeply placed peripherally, but
tend to scatter toward the circumference as the stem is approached.
There does not seem to be any marked change in the size of the
canals. In the stem, the number of conducting systems increases
markedly with a concomitant enlargement. Also they lie nearer
the surface, there being fewer layers of cells covering them.
The differences in size of the channels may bear some significant
relation to the electrical records if it should appear that the con-
ducting canals are involved in the propagation of the stimulus. It
is well known that in the nervous system of animals the rate of
conduction in the nerve fiber is a function of the diameter of the
axone. The large somatic myelinated fibers, or A fibers, conduct
at the fastest rate. Myelinated fibers of the sympathetic nervous
system are smaller in diameter and conduct more slowly. These are
commonly designated B fibers. Non-myelinated fibers, C fibers,
are much smaller in diameter and conduct at the slowest rate. The
studies here reported suggest a similar situation in Mimosa though
further experiments are needed to establish the fact. The plants
were old and response was not always uniform, but in one instance
the rate of conduction through the rachis and petiole was similar
although when the action current reached the stem with its larger
and more numerous canals the magnitude of the spike was much
greater and the rate was faster. This aspect of the problem will
be investigated further.
In the majority of cases, the records obtained were like those
described above. However, in Figure 1-C there is shown a variant.
This is obviously a diphasic response. Curiously enough, it does
not seem to be a consequence of the geometry of the electrode place-
ment, for it occurs under the same conditions as the typical response
shown in Figure 1-A. It is possible that this is a result of fatigue,
for it has commonly appeared late in any given experimental set-up.
Attention should be called to the fact that all of these records are
taken without injury to the plant by the electrodes. Standard
technic used in animals by recording from the cut end of a nerve
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fiber is not here employed, hence these electrical records are not
complicated in any degree 'by injury currents. Even when the stim-
ulus is the result of injury at some distance from the electrodes, the
wave form of the response is exactly similar to a stimulus produced
without injury.
To return now to the argument advanced at the beginning of
this report, it is clear that a certain amount of the basic argument
is at hand. If the standing potential represents a measure of a
reservoir of electrical energy available for activity, then a stimulus,
such as that applied in Mimosa, brings about a sudden withdrawal
from that storehouse. The fact that a certain potential gradient
with the periphery positive to the central regions is necessary for
the reaction, implies that unless the amount of electrical energy
stored is at a designated level, the reaction cannot go forward. If,
however, the level is high enough, the stimulus unlocks the store-
house and a wave of activity is propagated with a characteristic
electrical correlate.
Two questions remain to be answered at this point. The first
is whether or not there is any relationship between the magnitude
of the propagated wave and the level of the standing potential.
Many more experiments will be required to decide this point. The
same question, of course, arises in connection with the rate of propa-
gation. Here it will be necessary to examine young and vigorous
plants as well as older ones. The mechanism bywhich the stimulus is
propagated isentirely unknown. The experiments here reported sug-
gest size relationships similar to those found in the animal nervous
system. In all probability technical methods can be developed
which will rule out either the soma or the conducting canals. If it
should be found that there is a relationship between the rate of
conduction and the size of the conducting canals, then it may be that
the "cable formula" can be applied in plants as it has been in animals.
Further studies ofthese electrical correlates of activityin Mimosa
will be carried out and reported. A bibliography will be omitted
until such reports are ready.
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